INTRODUCTION
Almost two years ago a new device called an Electron Beam Ion Trap (EBIT) was brought into operation at Lawrence Livermore National Laboratory for the purpose of studying veryhighly-charged ions using x-ray spectroscopy. During this period EBIT has demonstrated its ability to make several different kinds of measurements for ionization stages that have not been accessible before.(ls2*3) The measurements may be grouped into three general types: (1) Measurement of electron collision cross sections using line radiation, (2) Precise measurement of energy levels (e.g. Lamb shifts), and (3) Measurement of properties of the .
trap itself (such as ion temperature and confinement time). In order to give an indication of the current EBIT research program, we present a summary of measurements of the first two types.
EBIT OPERATION
The EBIT at LLNL works by trapping ions for long times (up to several hours) inside an electron beam compressed to a density of order 2000 ~/ c m~. Electron collision cross sections are determined from x-ray spectroscopy of the trapped ions excited by the electron beam; and energy level information is obtained from calibrated high-resolution spectrometers. The method of successive ionization of ions trapped in an electron beam is also used in the electron-beam ion sources (EBIS) developed to provide highly charged ions for injection into accelerators. ( 4 * = ) In contrast to the EBIS1s, the EBIT at LLNL uses a different and much smaller geometry, which is optimized for x-ray spectroscopy.
As shown schematically in Fig. 1 , the ion trap consists of cylindrical copper drift tubes, which contain the trapped ions. The electron beam, which follows the central magnetic field line of the superconducting Helmholtz coils, is injected vertically from a Pierce gun and travels along the axis of the drift tubes. The beam is adiabatically compressed in the Helmholtz coil field; and at the peak magnetic field of 3 T the electron beam diameter is 7 0 urn. The electron beam current is usually operated in the range of 30 to 120 mA. The electron beam energy can be set very precisely and changed within a few milliseconds to any value up to 30 kV. The electron energy spread is roughly 50 eV FWHM. X-rays are observed at 90' t o the electron beam through four different x-ray ports.
Ions in low charge states are loaded into the trap by injecting them downward through the electron collector (i.e. antiparallel to the electron beam). The ions are obtained from a MEVVA source(6) which is fired periodically to refill the trap. Highly charged ions are then obtained by successive ionization in the electron beam. Usually the ionization stage is selected by setting the electron beam energy to be just below the ionization potential of VUV spectroscopy. Two different drift-tube geometries have been used. In the one shown here the d r i f t tube structure operates a t a single electrical potential. I n the other version (not shown), three e l e c t r i c a l l y isolated d r i f t tubes can be biased a t different potentials t o form a higher axial barrier. the desired charge s t a t e . This works best f o r closed shell ions, where charge-state purities greater than 80% have been obtained i n some cases.
The ions a r e trapped radially by the space-charge potential of the electron beam and axially by a potential barrier applied t o the end d r i f t tubes. Surprisingly. €BIT operates more successfully with the most highly charged ions even though they are much harder t o ionize. This i s because high-charge ions are more t i g h t l y bound in the trapping potential and can be held i n the trap f o r much longer times. A more extensive discussion of the LLNL EBIT, including the important role of col1 isional ion cooling, can be found elsewhere. (2) 3. QjELECTRONIC RECOMBINATION MEASUREMENTS Dielectronic recombination (OR) i s the resonant capture of an incident electron into a doubly excited s t a t e , followed by x-ray emission:
The related process of resonant excitation (RE) can also produce x-ray emission a t similar energies:
The DR process i s important in hot plasmas, whose x-ray emission spectra contain s a t e l l i t e lines characteristic of DR. However there a r e no detailed measurements of DR cross sections f o r the high ionization stages such as He-like ~e 2 4 + or ~i~~~) which are produced i n t o k a n~a k s (~*~) and solar flares.tg) Because of the precise control of the electron beam energy in EBIT and the good energy resolution. EBIT is a powerful tool for measuring a resonant process such as DR. We have performed DR measurements for two very different ions: He-like ~i 26f and Ne-l ike A U~~+ .
Since the DR cross sections being measured are quite large, setting the electron beam energy on a DR resonance soon destroys the charge state being measured. We overcome this problem by rapidly switching the electron energy between the resonant energy and a higher nonresonant energy which restores the ionization balance. Typically only -10% of the time is spent on resonance. An excitation function is obtained by taking successive data runs in which the lower electron energy (i.e. the DR energy) is changed by a small amount (typically 20-eV steps) and normalizing each run to a common nonresonant upper energy.
(a) Helium-like Nickel
We have measured a DR excitation function for He-like ~i~~+ by detecting the K x-rays from the recombined ~i~~+ ions. For He-like target ions DR produces one and only one K x-ray photon; so the number of K x-rays produced at a given incident electron energy is proportional to the DR cross section. This technique was also used by Briand et al. in an experiment with an electron beam ion source in which an x-ray signal from DR of ~r 1 4 + ions was observed. (10) Examples of EBIT spectra obtained in a Ge detector at three different electron energies are shown in Fig. 2 . Since the n = 2 -, n = 1 and n = 3 + n = 1 transitions are well resolved from each other and from the higher members of the K series, we present separate excitation functions for these three energy bands in Fig. 3 . Three interesting features which have not been observed before are apparent in these data. First, the centroid of the n = 2 -, n = 1 component of the KLM resonance strength is clearly displaced from the centroid of the n = 3 -, n = 1 component, reflecting the different distribution of resonance strength for the two decay channels. Second, the n 2 4 -, n = 1 band shows a shelf at the Ku direct excitation threshold,corresponding to the change from an electron bound in a high Rydberg level to a free electron. Third, the RE process is clearly observed for the n = 2 + n = 1 transitions as the peaks above threshold in the excitation function. In this case our results imply that, for He-like Ni, RE is a significant contributor to the excitation of line radiation in plasmas.
A complete analysis of the above features is beyond the scope of the present paper. However, by focusing on the KLL DR resonances it is possible to make a limited comparison between the experimental measurements and theoretical calculations. In particular, our data provide a check of both the absolute magnitude and the distribution of the theoretical resonance strength. This is illustrated in Fig. 4 , where the measured x-ray cross section is compared to a multiconfiguration Dirac Fock calculation(ll) for the KLL resonances.
(b) Neon-like Gold
We have extended our study of DR to an L-shell target farther up in the periodic table, Nelike A U~~+ . In this case the cross section is more complicated because of the larger number of configurations available for the doubly excited resonant states. In addition, compared to He-like Ni, it is more difficult to obtain a pure charge state in the trap, and the Nalike ionization stage of gold appears to be as prevalent as the Ne-like. 
ELECTRON IMPACT EXCITATION MEASUREMENTS
Electron impact excitation (IE) cross sections may be obtained in a manner similar to the DR measurements described above. In this case, however, the electron energies are carefully chosen to avoid resonances, since they can influence the observed line intensities. To date, we have obtained impact excitation data for two Neon-like ions in different regions of the periodic table, ~a~~+ and A U~~+ . This should help provide an understanding Of the role of relativistic and QED effects in electron-ion collisions. Since some of the fine structure splittings in these ions are unresolved in a Si(Li) or Ge detector, We have also obtained spectra in a Bragg diffraction spectrometer. This spectrometer employed a flat crystal (for broad spectral coverage) and a position sensitive proportional counter. The three strongest L x-rays are resolved in the crystal spectrum. By using the relative line intensities from the crystal spectrum and the ratios of the (unresolved) n = 3 + n = 2 lines to the RR peak from the Si(Li) spectrum, we obtain experimental values for some of the n = 2 to n = 3 IE cross sections normalized to the RR cross section, which can be calculated more reliably.
The decay scheme for the relevant ~a~~+ levels is shown in Figure B . Direct excitation from the ground state dominates the feeding of all the levels chosen for study. Small corrections for other feeding, as shown in Fig. 8 were made with use of theoretical collision strength(l3) and radiative decay rates(I4) for all 88 n = 3 and n = 4 levels. The three J = 0 levels, forbidden to decay to the ground state, are responsible for essentially all of the 4568-eV (2p3).2 3s112)l x-ray yield through their An = 0 decays to that level. It is their summed IE cross sections which we measure. 
Fig. 8 -Diagram of t h e ~a~~+ levels involved i n t h e cross-section measyrements. The decay branching r a t i o s and feeding r a t i o s shown f o r t h e excited levels a r e derived from
t h e o r e t i c a l r a t e s a t E, 7 5.69 keV. Upward arrows indicate electron IE from t h e ground s t a t e . Downward arrows i n d i c a t e cascade feeding and decay, which sometimes involves l e v e l s t h a t a r e not shown. Table I sunnnarizes our r e s u l t s and compares them with two d i f f e r e n t t h e o r e t i c a l calculations: A Coulomb-Born-exchange method with r e l a t i v i s t i c e f f e c t s t r e a t e d a s a perturbat i o n , (l51 and a f u l l y r e l a t i v i s t i c distorted-wave calculation. (13) The measured values i n Table I a r e 4% sr times t h e d i f f e r e n t i a l cross sections a t an x-ray angle of 90' with respect t o t h e electron beam. For t h e J = 0 decays t h i s i s t h e t o t a l IE cross section, but t h e remaining two (El) t r a n s i t i o n s i n Table I may have a nonisotropic angular d i s t r i b u t i o n . In order to provide a more complete characterization of the impact excitation process, we have begun measurements of both the angular distribution and the polarization of the decay x-rays (which give equivalent'information for dipole transitions). In addition to the normal observation angle of 90" the EBIT apparatus also permits x-ray observation at an angle of 0". although the solid angle is much smaller. Preliminary ~a 4 6 + spectra at 0 and 90 degrees confirm the expected anisotropy of the RR x-rays. For both energies listed in Table I, Electron impact excitation of ~u~~~ was studied at an excitation energy of 18 keV in the same manner described above for ~a46+. Gold x-ray spectra from a Ge detector and a Bragg diffraction crystal are shown in Figs. 9 and 10, respectively. Analysis of these data is still in progress. However some interesting observations can already be made. The (2ps)23p1/2)2 transition shows a relative intensity much stronger than expected from the calculated direct collision strengths alone. Presumably this is due to cascade feeding of this line from higher levels.
PRECISION SPECTROSCOPY MEASUREMENTS
The small diameter of the electron beam (70 um) as it passes through the trapped ions in EBIT is well suited for high energy resolution measurements using a Johann geometry spectrometer. We have constructed a high vacuum compatible Johann spectrometer, shown in Fig. 11 , which enables the measurement of soft x-rays. So far we have observed focused ultraviolet light, soft x-rays (about 700 eV), and hard x-rays (about 8 keV). A t present this instrument is being used to perform two different series of measurements. -Spectrum o f t h e 2~3 1 2 hole t r a n s i t i o n s i n Ne-like ~u 6 9 + obtained w i t h a f l a t L i F 220 Bragg d i f f r a c t i o n c r y s t a l . The unlabeled s a t e l l i t e l i n e s a r e t r a n s i t i o n s i n Na-and Mg-like gold. Calibration Source Fig. 11 -Johann spectrometer arrangement. For s o f t x-ray measurements a p o s i t i o n -s e n s i t i v e microchannel-plate d e t e c t o r i s l o c a t e d tangent t o t h e Rowland c i r c l e , and t h e spectrometer operates i n u l t r a h i g h vacuum. For h i g h e r x-ray energies a p o s i t i o n s e n s i t i v e p r o p o r t i o n a l counter i s placed on t h e Rowland c i r c l e f a c i n g t h e c r y s t a l , and a vacuum chamber i s unnecessary. For scanning operation t h e c r y s t a l and d e t e c t o r move together w h i l e €BIT and t h e c a l i b r a t i o n source remain f i x e d .
(a) The Lamb S h i f t i n H-and He-Like Hiqh-Z Ions P r e c i s i o n measurements o f t h e spectra o f H-like and He-like high-Z ions a r e motivated by t h e d e s i r e t o t e s t QED p r e d i c t i o n s i n t h e strong f i e l d l i m i t . W e have already performed a p r e l i m i n a r y experiment on H-like Ni, and have measured t h e 2p t o 1s t r a n s i t i o n energies i n o r d e r t o compare t h e measured Lamb s h i f t w i t h theory. Figure 12 displays a p a r t i a l spectrum f o r H-like Ni. Our p r e l i m i n a r y measurements a r e i n agreement w i t h theory, and promise eventual p r e c i s i o n much b e t t e r than has been p r e v i o u s l y obtained f o r f a s t high-Z i o n beams produced a t accelerators.
(b) H-Shell SDectroscoDy i n Hiqh-Z Ions
The maximum beam energy obtainable w i t h o u r present EBIT allows t h e production o f Ne-like i o n s of any element i n t h e p e r i o d i c t a b l e . W e have thus begun a'series o f measurements o f t h e spectra of configurations close t o t h e Ne-like core f o r some o f t h e heaviest elements. The t h e o r e t i c a l understanding o f these spectra i s much l e s s w e l l founded than f o r t h e H-like and He-like charge states.
Channel number F i g . 12 -Data from t h e Johann spectrometer. Top: The d i f f e r e n t c a l i b r a t i o n l i n e s shown were measured i n se a r a t e scans w i t h d i f f e r e n t exposure times. Bottom: The 2~3 1 2 + 11112 l i n e from Niz9*. ions i n EBIT. The x-ray energy range shown i s approximately 8000-8170 eV.
CONCLUSIONS
The e l e c t r o n beam ion t r a p , with i t s c a p a b i l i t y f o r x-ray spectroscopy, i s now established a s a unique t o o l f o r t h e study of highly charged ions. In t h i s paper we have given,examples of e l e c t r o n c o l l i s i o n c r o s s s e c t i o n measurements and precision transition-energy measurements performed with t h e EBIT a t LLNL. The i o n i z a t i o n s t a g e s a v a i l a b l e f o r x-ray spectrescopy with EBIT already exceed t h o s e observed i n t h e most advanced tokamaks, and e s s e n t i a l l y match t h e highest charge s t a t e s studied i n beam-foil spectroscopy. I t is l i k e l y t h a t f u t u r e upgrades of t h e e l e c t r o n beam energy i n EBIT w i l l allow t h e x-ray measurements t o be extended a l l t h e way t o hydrogen-like uranium.
